Catalytic combustion of brown coal particulates over CuO/Al 2 O 3 /FeAlO/ FeAl honeycomb ceramometal catalyst in the fluidized bed regime with the sand as a heat transfer material has been studied during 100 hours at 973-1023 K. The catalyst before and after tests has been analyzed. The coal conversion in the presence of cermet catalyst was found to be in the range of 97.8-98.5% while without catalyst it was lower (91.2-94.6%). A substantial decrease of CO, NOx and SO 2 emissions in catalytic combustion was also demonstrated.
Introduction
Catalytic oxidation of various fuels is known to be promising and environmentally benign process of heat generation and can also be widely used for combustion of solid industrial, agricultural and communal wastes too [1] [2] [3] [4] [5] . The catalytic oxidation occurs at quite low temperatures (below 1000-1050 K) and is accompanied by the relatively low emission of secondary toxic compounds, while the conventional combustion occurs at high (up to 1500-1900 K) temperatures and leads to the formation of "thermal' nitrogen oxides, benzpyrenes, etc. The majority of publications on deep catalytic oxidation concerns VOC and gaseous organics, while publications devoted to oxidation of solid particulates are scarce [6] .
Earlier, a process of catalytic oxidation of various gaseous, liquid, and solid fuels at moderate (T ≤ 1050 K) temperatures inside the reactor with the fixed bed catalyst and fluidized inert heat transfer material (sand) has been suggested [7, 8] . Here, sand transfers heat from catalysts (porous ceramic systems) to a heat exchanger, thus increasing the heat transfer coefficient. The fixed catalyst bed is comprised of conventional catalytically active oxide ceramics shaped as rings and situated between special grids which prevent formation of bubbles. As a result, degree of the fuels combustion was increased while CO, nitrogen oxides and other toxic compounds emission was decreased. However, suggested process design suffers from the loss of catalyst (up to 0.3-0.5 % per day) due to a low attrition resistance of ceramic catalysts. Abrasion of conventional CuCrAlO catalysts produces Catalytic combustion of brown coal particulates over ceramometal honeycomb catalyst a powder containing poisonous Cr(VI) [9] . The metal-based honeycomb catalyst appears to be not applicable here because its active component is concentrated in the external surface layer [10] and, thus, is removed by the abrasive action of fluidized sand.
Similarly, traditional catalysts could not be used for combustion of solid wastes containing a lot of mineral non-combustible admixtures.
For these applications we have developed a novel composite ceramometal (cermet) catalyst with enhanced attrition resistance.
This cermet consists of the macroporous oxide matrix (MeO x ; Me = Fe, Cu, Al) with randomly distributed metal particles (Fe, FeAl x ). Contrary to conventional honeycomb structures with the washcoated active component, the active component is also randomly distributed in the cermet catalyst body. So, activity of this catalyst is not diminished significantly after removing its surface layer. Macropores (size up to few tens of microns) provide a low diffusion resistance inside catalysts preventing, however, contact of sand particles with the active component situated in these pores. This paper presents results of pilot tests of new ceramic honeycomb catalysts in the process of the brown coal combustion in the fluidized bed of sand. Evolution of the catalyst properties after testing is also discussed.
Experimental Procedures

Catalyst preparation
Preparation of cermet support includes mechanical alloying of Fe-Al powdered blend followed by its mixing with alumina 82 3 Catalytic combustion of brown coal particulates over ceramometal honeycomb catalyst
The X-ray diffraction (XRD) patterns were registered using a HZG-4С diffractometer (CuKa radiation, step 0. The mesopore size distribution and BET surface area (S BET ) were derived from adsorption isotherms measured at 77 K using a Micromeritics ASAP-2400 instrument. The volume of mesopores (V meso ) and their average diameter (D) were estimated from the desorption branch of isotherms using relation D = 4V meso /S. The total pore volume of monoliths was calculated from the apparent and real densities of granules.
Catalytic Activity Measurements
Catalytic pilot tests have been carried out in a flow system with the fluidized bed of brown coal particulates (≤ 5 mm) mixed with quartz sand (particle size 1-2 mm) in the autothermal regime (prepared from product of gibbsite thermochemical activation (TCA) [11] ), loading into a special die and hydrothermal treatment (HTT) of the blend which cements it into a monolith. Then the product of HTT was dried and calcined at 1173 K. Main details of cermet preparation are described elsewhere [12] . These cermets can be shaped as rings, plates and honeycombs, the latter ( Figure 1 ) posessing a large share of free space (large channels).
Active component is supported by conventional impregnation of monolithic substrate with Cu nitrate solution followed by drying and calcination under air at 973 K.
Catalyst characterization
The crushing (compressing) strength of catalyst was determined by crushing its pellets (diameter ~10 mm, height ~3 mm)
between two parallel plates in static conditions using a PK-2-1 instrument. The strength value was estimated as a ratio of the loaded stress at the crushing point to the section area of the pellet. The attrition resistance was estimated by weighting the honeycombs before and after the testing. The gas phase content (CO, NO, NO 2 , SO 2 , CO 2 , CH x ) was analyzed using a Chromos GH 1000 gas chromatograph (OOO Chromos, Russia) equipped with a catarometer and a Polar gas analyzer (OOO "Promecopribor", Russia) with electrochemical and IR absorbance gas sensors.
Results and Discussion
Properties of cermet support and catalyst before testing
The 10 nm (Figure 6 ). Because SSA of pure MeAl cermets is significantly lower and mesopores are large in size [17] , the porosity can be mainly assigned to alumina -containing regions. At the first glance, the volume of mesopores in cermets is rather small, however, it is necessary to take into account that in comparison to common porous ceramics with the density of 3.0-3.5 g/cm 3 , cermet has significantly bigger real density of 4.5-5 g/cm 3 . As the result, the apparent density of ceramic catalyst grains is ca. Figure 8 shows the brown coal organic matter burn-off during testing. It demonstrates good and stable activity for at least 100 hours time-on-run. The coal organic matter conversion in the presence of cermet catalyst remains in the range of 97.8-98.5%, while without a catalyst it is obviously lower (91.2-94.6%). The difference is not large, but it should be mentioned that "A gain of even 0.5-1.0% in the combustion efficiency can save a large amount of money in terms of operating cost of the boiler…" [20] .
Catalytic brown coal combustion
It is known that oxidation of carbon and organic fraction containing particulates occurs more efficiently on bulk oxides first formed as powders followed by washcoating on supports than on particles of supported oxides obtained by wet impregnation of some supports [6] . In our case one can assume that, along with CuO, FeAlO mixed oxide in cermet is also involved in oxidation of particulates or products of their pyrolysis. The uniform distribution of this component as revealed by the elemental mapping allows to explain a retention of catalyst activity in particulates oxidation even after partial attrition of the catalyst. Table 1 demonstrates emission of pollutants with the flue gas during catalytic combustion. One can conclude that up to 50 hours of time-on-stream, CO content is increased while that of NO x goes through the minimum with subsequent stabilization.
A moderate variation of catalytic activity in CO oxidation and NO x reduction can be controlled both by variation of the oxygen content in catalyst as well as accumulation of sulfites/sulfates (vide infra), thus affecting activity in NO x reduction by CO (СО + NO = 0.5 N 2 + CO 2 ) and/or selective reduction by hydrocarbons (products of coal pyrolysis) in the excess of oxygen. Sulphur oxides are probably also bound with ash. Without a catalyst, the concentration of pollutants is substantially higher (Table 1 ). [15] . In all these cases, variation of conversions of butane and CO due to deactivation was also pronounced. Similar effects are expected for conversions of other fuels due to usually observed correlations in deep oxidation of various compounds [23] . Since in the case of monolithic cermet catalyst variation of both brown coal conversion and residual CO concentration with time-on-stream was very small (vide supra), operational stability of this catalyst appears to be much higher than that of earlier developed catalysts.
In addition, the effect of the coal combustion temperature on the concentration of toxic compounds in the flue gas was studied. Analysis of the flue gas composition was carried after 70 hours of the catalytic package operating ( 
